Unlike some politicians, vertebrate embryos can tell their left from right. The body plan of vertebrates, although externally symmetrical about the midline, exhibits considerable asymmetry in the visceral organs. The heart provides the most striking example; it forms as a simple tube at the midline, but this loops to one side and ends up both functionally and morphologically very different in its left and right parts. In mammals, the two lungs similarly follow distinct morphological pathways to leave each with a different number of lobes. Most individual organsstomach, spleen, pancreas and liver, for example -lie to one side of the midline. In normal development, this asymmetry is invariant, or handed, such that the heart tube always loops to the right, there are more lung lobes on the right, the stomach is on the left, and so on. How the information for this plan is specified has been a puzzle for over a century, but a recent paper by Levin et al. [1] has shed some light on the molecules that may be involved. This paper describes, for the first time, left-right asymmetries in gene expression, and shows how these may be part of a pathway specifying handed asymmetry.
Levin et al. [1] selected genes that are known to play roles in the early development of vertebrates, and examined their expression in chick embryos, specifically looking for left-right differences in expression. They looked at the expression of Hox genes, goosecoid, Sonic hedgehog (Shh), nodal-related 1 (cNR-1, which encodes a member of the transforming growth factor 13 (TGF3) family of secreted signalling molecules), activin receptors (activins are also TGF3 family members), fibroblast growth factors (FGFs) and HNF33 (which encodes a transcription factor initially found in liver and related to the Drosophila forkhead gene product). While most were found to be symmetrically expressed, four were not: Shh, HNF3, cNR-1 and the activin type IIa receptor gene (cAct-RIla).
The earliest observed asymmetry was at stage 4, when the primitive streak has formed at the midline, and Hensen's node appears at its anterior end (Fig. 1) . cAct-RIla was initially expressed more strongly in the right side of the primitive streak, and from stage 4 onwards its expression was restricted exclusively to the right half of the node. Initially, Shh expression was detectable throughout the node, but by stage 4 it became restricted to the left half. At about the same time, HNF33 expression transiently increased in the left of the streak, just posterior to the node. Later, as the first somites formed, cNR-1 expression, which was symmetrical in the primitive streak during stage 4, reappeared in a small patch of cells just to the left and anterior to the node, and in a broader patch of lateral mesoderm, also on the left.
To examine the relationships between these genes, Levin et al. [1] manipulated their expression in two ways. Firstly, a bead soaked in activin protein was implanted on the left-hand side of the primitive streak at stage 4. As a result, cAct-RIIa expression increased on the left, becoming symmetrical. (Such ligand-mediated upregulation of expressionhas been reported for another activin receptor [2] ). Concomitantly, Shh was repressed on the left, so that it was no longer expressed in the node at all, and the later phase of cNR-1 expression was also absent. Secondly, Shh expression was made symmetrical by implanting a clump of fibroblasts constitutively expressing Shh on the left. In this case, cNR-1 expression also became symmetrical.
The functional significance of these patterns was examined by repeating the manipulations, then culturing the embryos to a stage when heart looping could be observed. The result of both manipulations was randomization of heart looping; that is, half were normal and half inverted. These elegant experiments suggest a pathway whereby an asymmetry in cAct-RIIa expression results in repression of Shh on the right of the node, restricting its expression to the left and thereby inducing cNR-I expression on the left. The role of HNF3P3 is less clear, but the authors suggest that it may be involved in the maintenance of Shh expression in the left of the node. They also suggest that cNR-1 directly influences the looping of the heart. Later stages were not examined, so it is not clear whether other aspects of body asymmetry would have been affected. The fact that complete inversion of body asymmetry (situs inversus) occurs in humans and mice implies that global fields are set up which specify left and right. However, independent inversions of individual organs including the heart do occur -indeed, with more serious consequences -so it appears that left-right information can be interpreted independently, to some extent at least, at the organ level.
Hensen's node, the homologue of Spemman's organizer in Xenopus and the node in mammals, plays a critical role in patterning the early embryo, so it is no surprise that it should also be a site of left-right specification. Given nature's parsimony in using the same molecules over and over in different processes, perhaps it is also not a shock that the genes involved are already well known in developmental signalling. Actually, they are known to be involved in both dorsoventral and anteroposterior patterning, but whether this is related to the fact that left and right only have meaning in the context of the other axes is not clear. Activins are implicated in mesoderm induction and dorsoventral axial patterning in frogs and chicks [3, 4] . Mouse nodal is required for mesoderm formation and organization [5] . The Shh gene product is a secreted protein implicated in the development of axial structures, notochord and neural tube, as well as in limb development [6] . HNF33 is also involved in notochord and neural tube formation [7] .
The stage of chick development at which these asymmetric expression patterns were observed fits nicely with what we know from morphological experiments. In amphibia, early cleavage planes may be related to axis formation, but this is unlikely to be the case in birds and mammals. In the mouse, the polarity of the anteroposterior axis is not specified until after implantation [8] , and cells are not committed to left or right sides even at early streak stages [9] . The left and right precardiac regions of the chick first display an intrinsic difference between stages 4 and 6 [10] . Clearly then, it is unlikely that an asymmetric distribution of cytoplasmic determinants or a nonrandom segregation of different chromatids (as suggested by Klar [11] ) are involved the specification of left and right. This period of primitive streak and early head-fold formation is also the phase when it is relatively easy to disrupt the development of. left-right asymmetry, which leads to one of the questions raised by Levin et al.'s findings.
In both mammalian and chick embryos, many nonspecific manipulations, including sub-optimal culture conditions, heat shock and a variety of chemical insults, can affect the direction of heart looping, in some cases resulting in randomization [12] . Clearly, Levin et al. ' s morphological results were caused by the induced shifts in gene expression, and were not artefacts of the manipulations, because control bead and cell implants were without effect. But the similar effects of other treatments show that randomization does not prove a normal role in asymmetric development. So, a key question is what would be the effect of inverting the patterns of expression? If these genes are part of the normal pathway, then heart looping would be inverted in all cases. This should be possible by using the activin bead to eliminate Shh on the left, and Shh-expressing cells to express Shh ectopically on the right. Another approach will be to look for changes in gene expression following the chemically or genetically induced inversion of morphological asymmetry.
At first sight, it seems highly unlikely that these startling asymmetric expression patterns would not be involved in left-right specification. Why else would they exist? One possibility may be that they reflect an asymmetry unconnected with the future body plan. The chick node has a slight but well-characterized structural asymmetry, which appears completely invariant such that in cultured chick embryos, some of which will develop inverted heart loops, the node always has the same asymmetry [13] . The mouse node, in contrast, is smaller and displays no overt structural asymmetry. Intriguingly, neither does it appear to share the same expression asymmetries. Developmental mechanisms and molecules are so highly conserved throughout the vertebrates that it would be very surprising to find that different molecules are used in different species to specify left from right.
The expression patterns of Shh, nodal and HNF3,3 have all been examined in the mouse and zebrafish, and there have been no reports of asymmetry. We have closely examined HNF3,B and Shh expression in the mouse, but have found no convincing sign of asymmetry. We have also failed to detect any difference in the expression patterns of these genes in mice homozygous for the situs inversus viscerum mutation, in which heart looping is randomized. Neither the type IIa activin receptor nor any of the known activins have been reported to be present in the mouse embryo at primitive streak stages, and 'knockout' mice with targeted mutations of these genes show no defects of left-right asymmetry [14] . Nodal and HNF3,B knockout mice both die before heart looping [5, 7] , and the same is likely to be true of Shh knockout mice. There are, however, a number of putative activin receptors that may substitute for loss of type IIa receptor, and the identification of new members of the activin family would not be a surprise.
Activins do, however, seem to provide an exception to the view that developmental molecules are highly conserved. Activins are strongly implicated in mesoderm induction and patterning in Xenopus and chick, but are not necessary for early mouse development. So if an activin is involved in asymmetric development in chicks, we might have to look elsewhere in the mouse. In the case of cNR-1, it may be that this is not the functional homologue of mouse nodal, but is actually a closely related gene, the murine homologue of which has not yet been identified. The failure to detect in mice any asymmetric expression of Shh, which appears to play such a central role in the chick, remains most puzzling. It cannot be ruled out, however, that there are subtle and very transient asymmetries that have not yet been observed. Despite these quibbles, it remains most likely that Shh and friends are part of the pathway to asymmetry, and interest will now focus on the prior and subsequent events. The big questions are these. What is establishing the initial asymmetry? And how are expression differences interpreted to result in morphological changes? The authors suggest, based on the stimulation of cActRIIa expression by activin beads, that the initial asymmetry may be manifested in the distribution of an activin-related molecule, so the search is on. But how would this asymmetric distribution be established? The most plausible way in which an embryo could create handed asymmetry seems to be by tethering a chiral molecule in a particular orientation with respect to the anteroposterior and dorsoventral axes [15] . This could then bias an intrinsically random gradient to run in the correct direction only [16] . Downstream mechanisms are equally interesting. The asymmetric expression of cNR-1 around the node and more laterally does not appear to be in cells that will contribute to the heart, so how is cardiac looping affected? After years of speculation and phenomenology in the field, Levin et al. [1] have finally provided a toe-hold into the mysterious processes of lateralization.
